NASA CONTRACTOR REPORT 


THEORETICAL DETERMINATION OF CHEMICAL RATE CONSTANTS 
USING NOVEL TIME-DEPENDENT METHODS 


Christopher E. Dateo 


CONTRACT NAS2- 





1. Report No. 


2. Government Accession No. 


3. Recipient's Catalog No. 


4. Title and Subtitle 


Theoretical Determination of Chemical Rate 
Constants Using Novel Time-Dependent Methods 


7. Author(s) 


Christopher E. Dateo 


9. Performing Organization Name and Address 

Eloret Institute 
3788 Fabian Way 
Palo Alto , CA 94303 


12. Sponsoring Agency Name and Address 

National Aeronautics and Space 
Administration, Washington, D.C. 20456 


15. Supplementary Notes 

Point of Contact: Dr. Christopher E. Dateo 

c/o 230-3 NASA Ames Research Center, Moffett 


16. Abstract 


6. Report Date 

12 March, 1994 


6. Performing Organization Code 


8. Performing Organization Report No. 


10. Work Unit No. 


11. Contract or Grant No. 

NCC2-73? 


13. Type of Report and Period Covered 

1 / 1/91 to 1 / 31/94 


14. Sponsoring Agency Code 


Field, CA 94035 


Abstract. The work completed within the grant period 10/1/91 through 12/31/93 falls primarily 
in the area of reaction dynamics using both quantum and classical mechanical methodologies. 
Essentially four projects have been completed and have been or are in preparation of being 
published. The majority of time was spent in the determination of reaction rate coefficients in the 
area of hydrocarbon fuel combustion reactions which are relevant to NASA’s High Speed 
Research Program (HSRP). These reaction coefficients are important in the design of novel jet 
engines with low NO x emissions, which through a series of catalytic reactions contribute to the 
deterioration of the earth’s ozone layer. A second area of research studied concerned the control of 
chemical reactivity using ultrashort (femtosecond) laser pulses. Recent advances in pulsed-laser 
technologies have opened up a vast new field to be investigated both experimentally and 
theoretically. The photodissociation of molecules adsorbed on surfaces using novel time- 
independent quantum mechanical methods was a third project. And finally, using state-of-the-art, 
high level ab initio electronic structure methods in conjunction with accurate quantum dynamical 
methods, the rovibrational energy levels of a triatomic molecule with two nonhydrogen atoms 
(HCN) were calculated to unprecedented levels of agreement between theory and experiment. 


17. Key Words (Suggested by Author(s) ) 

chemical reaction rates 
reaction rate coefficients 
combustion reactions 
quantum mechanical methods 


STAR-Category C-28 


18. Distribution Statement 

unclassified 


19. Security Oassif. (of this report) 

20. Security Ctassif. (of this page). 

21. No. of Pages 

unclassified 

unclassif ied 




"For sale by the National Technical Information Service, Springfield, Virginia 22161 




















THEORETICAL DETERMINATION OF CHEMICAL RATE CONSTANTS 
USING NOVEL TIME-DEPENDENT METHODS 


Final Technical Report 


for 

Cooperative Agreement NCC2-737 


for the period 

January 1, 1991 - January 31, 1994 


Submitted to 


National Aeronautics and Space Administration 
Ames Research Center 
Moffett Field, California 94035 

Computational Chemistry Branch 
Dr. Stephen R. Langhoff, Chief and Technical Officer 

Thermosciences Division 
Dr. James O. Arnold, Chief 


Prepared by 


ELORET INSTITUTE 
3788 Fabian Way 
Palo Alto, CA 94303 
Phone: (415) 493-4710 
Tel fax: (415) 424-9876 

Dr. K. Heinemann, President and Grant Administrator 
Dr. Christopher E. Dateo, Principal Investigator 


11 March, 1994 



Introduction. 


The work completed within the grant period 10/1/91 through 12/31/93 falls primarily in the 
area of reaction dynamics using both quantum and classical mechanical methodologies. Essentially 
four projects have been completed and have been or are in preparation of being published in the 
literature. The majority of time was spent in the determination of reaction rate coefficients in the 
area of hydrocarbon fuel combustion reactions which are relevant to NASA’s High Speed 
Research Program (HSRP). These reaction coefficients are important in the design of novel jet 
engines with low NO x emissions, which through a series of catalytic reactions contribute to the 
deterioration of the earth’s ozone layer. A second area of research studied concerned the control of 
chemical reactivity using ultrashort (femtosecond) laser pulses. Recent advances in pulsed-laser 
technologies have opened up a vast new field to be investigated both experimentally and 
theoretically. The photodissociation of molecules adsorbed on surfaces using novel time- 
independent quantum mechanical meihods was a third project. And finally, using state-of-the-art, 
nigh level ah initio electronic structure methods in conjunction with accurate quannim dynamical 
methods, the rovibrational energy le\ els of a triatomic molecule with two nonhydrogen atoms 
(HCN) were calculated to unprecedented levels of agreement between theory and experiment. 

The HC>2 system. 

The reaction between ground state hydrogen atoms and molecular oxygen, 

h( 2 s) + o 2 (x 3 e- ) -> ho 2 (s 2 a") -» 0H(x 2 n) + o( 3 p) (i) 

is one of the most important elementary reactions in gas phase combustion and occurs in 
the oxidation mechanism of all hydrocarbons. In addition, the HO2 radical is an important 
intermediate for many chemical reactions such as those involved in atmospheric chemistry, 
stratospheric formation and destruction of ozone, and photochemical air pollution. 

Work has been completed on the H0 2 system. The ab initio CASSCF/CI data of 

Walch and coworkers 1 has been fit to a compact analytic form to describe the global surface 
including a proper description of the long-range intermolecular forces. This work is being 
written in a paper to be submitted for publication shortly[l]. In addition, quasiclassical 
trajectory studies have been run to obtain the rate coefficients for the forwards and reverse 
reactions in Eq. (1) at combustion temperatures ranging from 2000 to 5000 K. The 
manuscript for this work is also in preparation [2], 

Vibrational Predissociation of CH3ONO. 

In collaboration with Professor H. Metiu at UC Santa Barbara, we have studied the 
vibrational predissociation of methylnitrite using phase-locked ultra-short laser pulses using 
novel time-dependent wave-packet methods based on fast Fourier Transforms. Using a 
two-dimensional model potential, the time-dependent Schrodinger equation is solved 
numerically to study the reaction 

CH3ONO + hv(t t ) + hvCtj) -> CH 3 0 + NO(v) (2) 

The two pulses are identical except for their relative phase (i.e., the time at the peak 
intensity of the laser pulse). Because the wave functions (or population amplitudes) created 
by each individual pulse can interfere, the total product population created by the joint 
action of the two pulses differs from that created by two independent laser pulses. 

Both the NO total yield and the vibrational populations are found to oscillate with 

the delay time At = (t2*ti), with a period corresponding to the off-resonance frequencies 
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(the difference between the laser pulse central frequency and the excited state vibrational 
levels). Hence, we suggest a type of experiment which provides a means of using 
quantum interference for a modest control of photodissociation. This work already has 
been published[3]. 

Photodissociation of Surface Adsorbed Molecules 

The interaction between photons and molecules adsorbed on surfaces is fundamentally and 
practically important for surface science. The photodissociation of an adsorbate contains potentially 
a wealth of valuable information regarding the orientation, the alignment, and the existence of 
ordering of the adsorbates, the substrate-adsorbate interaction potential, and in some cases also the 
surface structure. The study of photodissociation reactions of adsorbates is thus of importance for 
understanding and hence optimizing processes such as laser induced surface processing, 
heterogeneous catalysis and film growth. 

Using . a time-independent quantum mechanical model, we studied the photodissociation of 
HBr/LiF(001), a sy r c^rs^ or ?.blc expHmenta 1 * n t^rcst sx.hib'its clear quanta! effects. 
The photodissociation lineshape, the Br( 2 P 1A2 )/Br( 2 P 3/2 ^ yield ratio, and the angular distribution of 
the photofragments are computed, and the effect of polarization of the light field is illustrated and 
discussed. Qualitative agreement with experiment is found. This work has been published[4]. 

An ab initio potential for HCN/HNC isomerization and vibrational analysis 

In collaboration with Dr. T.J. Lee of NASA Ames and Professor J. Bowman and 
his research group at Emory University we have determined a new and accurate ab initio 
potential for the HCN/HNC isomerization. The highly accurate CCSD(T) coupled-cluster 
method in conjunction with large atomic natural orbital basis set was used to generate over 
1200 points which were fitted to a bicubic spline-Morse potential. Exact vibrational 
calculations were performed using a truncation/recoupling scheme in a finite basis 
representation procedure with a moveable basis. The properties of this potential and 
vibrational calculations are compared to experiment. The level of agreement with 
experiment is unprecedented for a triatomic molecule with two non-hydrogen atoms. In 

addition, a simulation of the (A-x) stimulated emission spectrum (SEP) is calculated and 
compared to all available experimental data. The present surface, which is based solely on 
unadjusted ab initio data appears to be capable of yielding vibrational states up to very high 
energies to within 10-40 cm' 1 of experiment. In the course of these studies we have also 
determined quartic force fields for both HCN and HNC from which accurate spectroscopic 
constants may be derived in order to aid in the interpretation of future high-resolution, 
rovibrational studies of HNC. This work has been published[5-7]. 
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